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1 .0  INTRODUCTION 


Coupling  between  velocity  oscillations  and  the  combustion  zone  can  be  signifi¬ 
cant  in  determining  the  acoustic  stability  of  solid  propellant  rocket  motors. 
Observations  of  nonlinear  wave  behavior,  pulsed  instabilities  in  motors  and 
laboratory  burners,  and  shifts  in  mean  pressures  have  been  used  to  formulate 
qualitative  heuristic  models  for  this  coupling.  Attempts  to  quantify  these 
models  have  been  unsuccessful  in  the  sense  that  scaling  laboratory  results  to 
motor  environments  have  produced  conflicting  results.  Hence,  the  basic  mecha¬ 
nisms  have  not  been  clarified  by  these  models.  A  further  review  of  studies  on 
flow  fields  in  chambers  and  on  acoustics  in  ducts  suggests  that  these  coupling 
phenomena  include  the  effects  of  acoustic  disturbances  on  turbulence  in  flows 
with  high  surface  transpiration  rates,  acoustic  streaming  in  the  presence  of 
combustion,  and  unsteady  heterogeneous  combustion  processes.  These  processes 
involve  fluid-dynamic  and  combustion-related  phenomena  which  in  themselves  have 
not  been  studied  qualitatively. 

The  objective  of  the  experimental  aspects  of  this  program  is  to  investigate  the 
interaction  of  unsteady  oscillatory  flow  phenomena  with  the  propellant  com¬ 
bustion  processes.  After  a  review  of  related  motor  and  laboratory  data,  initial 
experiments  have  been  directed  toward  measuring  the  effect  of  acoustic  velocity 
on  the  radial  and  axial  profiles  of  the  time  average  velocity  and  turbulence  and 
on  the  surface  heat  flux.  To  make  these  measurements,  a  cold  flow  apparatus  was 
constructed  to  simulate  the  internal  flow  field  in  the  combustor.  Nitrogen 
flowing  through  large  porous  bronze  tubes  simulates  the  flow  of  gas  from  the  pro¬ 
pellant  surface.  The  overall  length  and  nozzle  throat  diameter  can  be  adjusted 
to  permit  the  effects  of  propellant  burning  rate  and  motor  length-to-diameter 
ratio  to  be  investigated.  A  rotating  valve  at  the  nozzle  exhaust  plane  provides 
a  means  of  generating  acoustic  oscillations  at  a  controlled  frequency.  Specific 
experimental  studies  described  herein  address  the  effect  of  acoustic  disturb¬ 
ances  on  turbulence  profiles  and  surface  heat  flux.  The  effects  of  motor 
length,  surface  Mach  number,  and  amplitude  and  frequency  of  the  acoustic 
oscillations  are  the  primary  variables.  The  specific  test  conditions  and 
interpretation  of  the  results  are  being  closely  coordinated  with  personnel  at 
Princeton  Combustion  Research  Laboratories,  who  are  currently  conducting  analyti¬ 
cal  studies  on  this  problem. 
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2.0  SURVEY  OF  LITERATURE 

The  objective  of  this  literature  survey  is  to  review  data  from  motors  and  burn¬ 
ers  which  show  significant  contributions  from  velocity  coupling.  A  number  of 
references  were  found  in  which  earlier  literature  searches  were  performed. 

Rosen  covers  solid  rocket  motor  experimental  research  before  1970.  Price 
describes  the  experiences  of  early  motor  development  programs  with  combustion 
instability.  Price  then  updated  his  earlier  review  to  include  motor  programs 
during  the  sixties.  CPIA  published  a  bibliography 3  covering  combustion 
instability  during  the  seventies  and  one  covering  efforts  to  measure  a  velocity 
coupled  response  function.  Beckstead1*  and  Mieheli®  reported  reviews  in  con¬ 
tracted  work  on  velocity  coupling  in  solid  rocket  motors  performed  in  the  mid¬ 
seventies. 

Beckstead®  reported  an  a  recent  JANNAF  workshop  in  which  velocity  coupling  was 
defined  as  the  response  of  a  burning  propellant  surface  to  local  velocity.  Two 
models  are  currently  used  to  describe  velocity  coupling,  a  linear  model  and  a 
nonlinear  model.  Lovine?  summarized  these  models  and  included  them  in  a  stabil¬ 
ity  prediction  computer  code  which  is  used  throughout  the  industry  for  pre¬ 
dicting  the  stability  of  solid  rocket  motors.  The  nonlinear  model  requires 
knowledge  of  a  threshold  parameter.  To  date  no  satisfactory  method  has  been 
found  for  evaluating  this  parameter  so  the  linear  model  is  generally  used  in 
quantitatively  evaluating  motors  and  propellants  with  respect  to  velocity  cou¬ 
pling.  Dehority  and  Price®  described  the  use  of  the  nonlinear  model  to 
qualitatively  explain  the  stability  behavior  of  tactical  motors.  Though  both  of 
these  models  have  been  extrapolated  to  three  dimensions,  they  are  based  on  one 
dimensional  kinematic  concepts.  Gliek^  discussed  some  fundamental  inadequacies 
of  these  models  and  the  problem  in  applying  them  to  predict  motor  stability 
behavior.  Also,  Brown10  reported  results  from  the  IUS  program  in  tfiieh  instable 
behavior  was  predicted  early  in  the  burn  of  the  small  motor  and  marginal  stabil¬ 
ity  was  predicted  for  the  large  motor.  Both  of  these  motors  proved  to  be  very 
stable.  Velocity  coupling  was  a  large  component  in  the  prediction  for  both  of 
these  motors.  Glick11  reported  large  discrepancies  between  stability  predic¬ 
tions  and  motor  behavior  on  the  STAR  motors.  Clearly,  better  models  are 
required  for  velocity  ooupling. 
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In  the  JANNAF  workshop  mentioned  earlier,  Beekstead^  suggested  that  the  most 
prominent  manifestations  of  velocity  coupling  in  motors  are:  1)  sharp-fronted 
non-sinusoidal  waves,  2)  a  DC  shift  in  the  mean  pressure,  and  3)  susceptability 
to  pulsing.  It  was  also  noted  that  these  manifestations  only  occur  if  a  motor 
is  unstable.  In  current  rocket  motor  stability  theory, ?  the  stability  of  a 
motor  is  the  sum  of  the  contributions  of  many  mechanisms,  one  of  which  is  veloc¬ 
ity  coupling.  Based  on  this  theory,  a  motor  may  have  a  very  significant  veloc¬ 
ity  coupling  contribution  but  be  stable  because  of  other  stabilizing  influences 
in  the  motor,  and  therefore  show  no  manifestations  of  this  velocity  coupling  in 
the  motor  pressure  trace. 

Though  it  was  not  stated ,  the  JANNAF  workshop®  was  primarily  concerned  with 
axial  mode  oscillations.  The  role  of  velocity  coupling  in  tangential  mode 
oscillations  is  not  directly  addressed.  Based  on  current  models,  cancellation 
effects  in  many  grain  geometries  produce  no  net  driving  as  a  result  of  velocity 
coupling.  However,  these  models  may  not  be  correct  and  hence  in  general,  there 
is  no  reason  to  exclude  velocity  coupling  as  a  contribution  to  tangential  mode 
instability.  However,  non-sinusoidal  steep-fronted  wave  forms  would  not  be 
expected  for  tangential  mode  oscillations.12  From  a  pressure  trace  alone,  there 
is  little  basis  to  discriminate  between  tangential  mode  oscillations  in  which 
velocity  coupling  dominates,  and  tangential  mode  oscillations  in  which  pressure 
coupling  dominates.  This  review  covers  only  longitudinal  oscillation. 

2.1  OVERVIEW  OF  LABORATORY  BURNERS 

Several  laboratory  burners  have  been  constructed  specifically  to  study  velocity 
coupling.  Stepp, ^  Beck  stead,**  and  Micheli®  have  described  the  use  of  the  T- 
burner  to  measure  a  velocity  coupling  response.  The  results  of  these  programs 
demonstrate  the  existence  of  velocity  coupling  in  that  driving  was  obtained  that 
could  not  be  explained  by  pressure  coupling  alone.  Harmonic  content  in  the 
pressure  traces  was  a  persistent  problem,  although  the  source  of  these  harmonics 
is  not  entirely  clear.  Lyon1**  constructed  a  variation  on  the  T-burner,  using 
the  Helmholtz  resonator  principle,  to  measure  the  velocity  coupled  response 
function  at  low  frequency.  McDaniel1®  described  the  use  of  a  sonic  end  vent 
burner  for  measuring  the  velocity  ooupling  response.  Again  the  existence  of 
velocity  coupling  seems  clear  and  harmonics  were  also  obtained  in  the  pressure 


traces.  Brown 1 6  constructed  a  dual  rotating  valve  which  generates  velocity 
oscillations  while  minimizing  pressure  oscillations.  The  combustion  process 
responded  to  these  velocity  oscillations  and  harmonics  were  seen  on  the  pressure 
traces.  Mieci1^  constructed  a  modulated  throat  motor  with  a  full-length  grain. 
Values  of  a  linear  velocity  coupling  response  were  extracted  from  data  from  this 
motor.  Under  some  conditions  a  severe  instability  was  initiated  in  the  mod¬ 
ulated  throat  motor  with  mean  pressure  shifts  and  harmonies.^® 

2.2  RESEARCH  MOTOR  PROGRAMS 

Research  programs  at  CARDE,  ^|20  SRI21  and  NWC^  studied  pulsed  axial  mode 
instability  in  long  slender  motors.  This  form  of  instability  has  the  three  char¬ 
acteristics  of  velocity  coupling  described  earlier.  This  work  was  reviewed  by 
Beckstead1*  but  deserves  repeating.  In  the  work  at  CARDE  and  SRI,  it  was  found 
that  for  a  given  motor  and  composite  propellant,  susceptability  to  pulsed 
instability  increased  as  the  nozzle  throat  area  was  decreased.  Above  some  criti¬ 
cal  Kjj  s  S^/Sf.,  the  motor  was  always  unstable  to  a  head-end  pulse;  below  this 
critical  value  the  motor  was  always  stable.  It  was  found  that  for  a  given  Kn  in 
a  CP  grain;  a  geometrically  similar  but  smaller  motor  was  more  unstable  than  a 
larger  one.  In  varying  the  propellant,  higher  burn  rate  propellants  were  found 
to  be  generally,  though  not  always,  more  stable.  The  CARDE  work  used  PU  and 
CTPB  based  composite  propellants.  Hughes2®  extended  this  technique  to  HTPB 
propellants.  The  SRI  work  used  a  variety  of  composite  systems  including  KP,  AP, 
LiP  and  AN  oxidizers  with  PU,  PBAN,  and  PS  binders.  Two  double-base  propellants 
tested  at  SRI  behaved  differently  than  the  composite  propellants.  These  propel¬ 
lants  were  unstable  when  pulsed  at  low  pressure  and  stable  at  high  pressure.  At 
SRI  a  slab  motor  with  5  pressure  transducers  equally  spaced  along  the  motor 
length  was  fired.  These  data  show  waves  traveling  along  the  motor  length.  The 
interpretation  of  such  waves  using  a  linear  standing  wave  analysis  troubles  some 
investigators. 

The  NWC  study  used  a  full  CP  grain  with  the  nozzle  in  the  center  rather  than  at 
the  end;  the  ARPA  motor.  A  pulsing  unit  was  provided  at  one  end,  while  a  high 
response  and  an  intermediate  response  pressure  transducer  were  located  on  the 
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other  end.  Ten  different  composite  propellant  were  tested  in  this  motor  at  sev¬ 
eral  different  pressures  and  all  were  unstable.  However,  their  behavior 
differed  significantly. 

There  appears  to  be  at  least  two  forms  of  instability  in  the  ARP  A  motor  which 
are  described  as  "mild"  and  "severe".  The  mild  form  had  nearly  sinusoidal  wave 
form  and  no  mean  pressure  shift.  The  severe  form  had  high  harmonic  content  and 
mean  pressure  shift.  Each  propellant  was  rated  with  respect  to:  mild  form 
amplitude,  severe  form  amplitude  and  relative  mean  pressure  shift  during  severe 
form.  The  rankings  with  respect  to  these  three  properties  were  not  necessarily 
correlated.  Seme  propellants  did  not  become  severely  unstable  until  pulsed. 
Aluminum  particle  size  significantly  affected  the  stability.  The  stability  char¬ 
acteristics  were  quite  pressure-dependent  with  some  propellants;  but  no 
generalization  can  be  made  because  the  trends  were  not  the  same  for  all 
propellants,  nor  for  all  aspects  of  instability. 

The  results  of  the  NWC  tests  do  not  follow  the  same  trends  as  the  tests  at  CARDE 
and  SRI.  For  example,  in  the  end  vent  tests  severity  of  instability  increased 
as  the  motor  pressure  was  increased.  No  such  consistent  trend  vas  seen  in  the 
center-vent  tests. 

2.3  MOTOR  EXPERIENCES 

Axial  mode  instability  has  also  been  encountered  in  the  following  motor  and  pro¬ 
pellant  development  program:  2.75  FFAR,  ATR,  ARROW,  CHAPARRAL,  MK36,  MK56, 

MK17,  SUBROC  and  TARTAR,  and  a  reduced  smoke  air  launched  motor.  All  these 
motors  have  a  relatively  large  L/D  ratio.  Some  were  stable  until  pulsed. 

Others  were  spontaneously  unstable,  but  were  not  necessarily  consistently 
unstable  from  test  to  test.  Following  is  more  detail  on  the  stability  history 
of  the  motors  listed  above. 

2.3.1  2.75  Motor 

This  motor  is  2. 75-in. -diameter  and  about  27- in.  long.  Several  instances  of 
axial  mode  instability  were  found  in  tests  of  variations  of  this  motor.  The 
tests  conducted  at  Aerojet  with  an  aluminized  propellant  in  1967  and  1968^ 
showed  low  amplitude  600  Hz  oscillations  during  the  first  second  of  firing. 
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The  data  Here  derived  from  slow  speed  records  which  were  not  intended  for 
analyzing  oscillatory  data.  A  3%  mean  pressure  shift  was  estimated  during  these 
oscillations.  Later  tests  using  a  modified  grain  (a  circular  port  with  a  flare 
at  the  aft  end)  showed  occasional  thrust  oscillations  at  800  Hz,  along  with  a 
large  shift  in  mean  thrust. 5  This  motor  also  used  an  aluminized  propellant. 
Unfortunately,  chamber  pressure  was  not  measured  on  these  tests. 

This  same  motor  design  (CP  with  aft  flare)  was  used  as  a  demonstration  motor 
in  a  program^  to  develop  smokeless  HTPB  composite  propellants.  This  motor/ 
propellant  combination  was  unstable  in  the  axial  mode  at  ambient  temperature 
when  pulsed  and  spontaneously  unstable  at  165°F.  Stable  burning  was  obtained 
with  a  modified  propellant  containing  additives  that  are  normally  used  to 
suppress  high  frequency  tangential  mode  oscillations.  It  was  concluded  that  the 
axial  mode  instability  resulted  from  tangential  mode  oscillations  which  were 
observed  Just  prior  to  the  longitudinal  oscillations.  Stability  analysis  of  the 
fundamental  axial  mode,  using  T-burner  pressure  coupled  response  data,  indicates 
this  mode  should  have  been  stable.  Linear  velocity  coupling  was  predicted  to  be 
very  small  in  this  grain  design. 

Haymes  described  a  motor  2. 75-in. -diameter  designed  to  produce  a  dual  thrust 
characteristic.  This  motor  had  severe  instability  in  the  axial  mode  at  650  Hz 
when  fired  at  1^0°F.  Oscillations  generally  began  in  the  transition  from  boost 
to  sustain  and  were  accompanied  by  a  mean  pressure  shift  and  harmonics.  The 
motor  used  an  HTPB  composite  propellant  with  16 Jt  aluminum  and  a  grain  having  a 
circular  port  in  the  head  end  and  a  four-spoked  vmgon  wheel  in  the  aft  end. 

Crump  reported  tests  of  the  2.75  motor  using  two  different  minimum  smoke  compos¬ 
ite  propellants.  IWo  grain  designs  were  tested;  a  circular  port  and  a  circular 
port  with  a  flare  at  the  aft  end  along  with  single-port  and  four-port  nozzles. 
Static  and  flight  tests  were  made.  Motors  with  the  four-port  nozzles  and 
circular-port  grain  were  stable.  The  single-port  nozzle  was  found  to  be 
destabilizing.  These  motors  were  not  artificially  pulsed.  The  instabilities 
occurred  in  the  axial  mode  and  had  large  mean  pressure  shifts,  suggesting  veloc¬ 
ity  coupling. 
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Hughes23  fired  2.75  motors  with  three  different  grain  designs  and  three  dif¬ 
ferent  smokeless  composite  propellant  formulations.  The  formulations  varied 
only  in  the  oxidizer  particle  size  distribution  and  the  concentration  of  burning 
rate  catalyst.  The  pulses  were  programmed  at  several  burn  times  to  evaluate  the 
time  at  which  the  motor  could  first  be  pulsed  unstable.  The  susceptability  to 
instability  was  found  to  be  inversely  proportional  to  the  propellant  burn  rate. 
No  consistent  correlation  was  found  between  the  susceptibility  to  instability 
and  the  shape  of  the  grain  cross-section.  The  pulse  tended  to  grow  faster  when 
initiated  later  in  the  firing 

2.3.2  ATR 

Demuth,  et  al.  used  an  ATR  demonstration  motor  to  develop  smokeless  composite 
propellants.  Thirty-four  motors  (16  with  a  3  blade  aft  finoeyl  grain  and  18 
with  a  tapered  dogbone  grain)  were  fired  using  9  different  propellants. 

With  the  dogbone  grain,  only  one  test  had  axial  mode  oscillations.  This 
particular  test  at  -65°F  had  two  pulses;  the  first  being  stable  but  the  second 
resulting  in  nonlinear  axial  oscillations  with  a  mean  pressure  shift. 
Interestingly,  a  comparison  motor,  which  differed  oily  by  being  conditioned  at 
+165°F,  developed  tangential  mode  oscillations  but  no  axial  mode  oscillations. 
Several  motors  with  the  finoeyl  grain,  using  a  variety  of  propellants,  had 
sinusoidal  axial  mode  oscillations  and  no  mean  pressure  shift. 

2.3.3  ARROW 

The  ARROW^  was  a  motor  developed  by  Aerojet  for  Northrup  as  part  of  the  SEAS 
program.  An  early  version  used  a  4  bladed  aft  finoeyl  grain,  3-1*  by  31  inches 
and  had  axial  mode  oscillations  with  a  large  mean  pressure  shift.  Modifications 
to  the  fins  improved  the  stability  and  eliminated  the  large  mean  pressure  shift, 
though  oscillations  still  occurred.  An  alternative  dogbone  grain  design  was 
developed  for  this  motor.  This  change  eliminated  the  axial  mode  oscillations 
but  produced  tangential  mode  oscillations,  which  were  then  eliminated  by  chang¬ 
ing  the  propellant  formulation. 
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2.3.4  CHAPARRAL 

Herty  tested  a  low  smoke  HTPB  propellant  In  a  motor  having  a  5-in.  diameter  port 
with  an  estimated  axial  mode  frequency  of  about  300  Hz.  Three  motors  were  fired 
and  were  all  stable.  The  low  smoke  propellant  had  a  higher  burn  rate  than  the 
propellant  it  replaced,  so  2  of  the  tests  were  fired  using  a  larger  nozzle  area. 
One  of  the  tests  with  the  larger  nozzle  area  was  conditioned  at  165°F.  All  3 
motors  were  stable  and  none  were  pulsed. 

Crump  reports  results  from  motor  tests  using  2  minimum  smoke  composite  propel¬ 
lant.  None  of  these  motors  was  artificially  pulsed,  but  several  motors  produced 
severe  axial  mode  oscillations.  Instability  occurred  with  both  propellants,  but 
the  propellant  composition  and  the  grain  design  had  observable  effects  on  stabil¬ 
ity.  It  was  concluded  that  the  linear  velocity  coupling  model?  could  explain 
the  results  of  these  tests. 

2.3.5  MK36 

Kruse^ conducted  16  tests  on  various  versions  of  a  reduced  smoke  MK36  motor. 
None  of  these  motors  were  spontaneously  unstable  but  most  were  pulsed  into  axial 
mode  instability  at  320  Hz.  Variations  were  made  in:  the  nozzle  configuration, 
the  oxidizer  size  distribution,  grain  design  and  conditioning  temperature.  All 
of  the  above  parameters  were  found  to  have  an  influence  on  the  motor  stability. 
The  authors  felt  the  observed  stability  behavior  can  be  explained  as  nonlinear 
instability  in  which  velocity-coupled  driving  is  a  large  contributor. 

2.3.6  MK56 

The  MK56  is  a  dual  thrust  motor  which  has  encountered  pulsed  axial  mode 
instability  during  sustain. 

2.3.7  MK17 

Some  configurations  used  during  motor  development  of  the  MK17  exhibited  steep- 
fronted  pressure  waves. 

2.3.8  SUBROC 

The  SUBROC2?  is  about  20  in.  in  diameter  and  120-in.  long  and  used  an  aluminized 
polyurethane  composite  propellant.  The  grain  cross-section  was  a  6-pointed 
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star.  Oscillations  occurred  sporadically  In  the  early  development  of  this 
motor.  The  oscillations  had  a  basic  frequency  of  180  Hz  with  a  high  harmonic 
content.  The  mean  pressure  increased  by  about  50%  during  these  oscillations. 

The  oscillations  were  eliminated  by  changing  the  size  of  the  aluminum  particles 
in  the  propellant. 

2.3.9  TARTAR 

The  TARTAR2®  is  a  dual  concentric  grain  boost-sustain  type  motor,  about  13  in. 
in  diameter.  The  sustain  propellant  is  AP,  nitroguanidine,  and  polyurethane.  In 
a  program  to  improve  the  performance  of  this  motor,  resonant  burning  at  270  Hz 
was  encountered  which  produced  sustain  pressure  levels  two  and  three  times 
higher  than  the  nominal  level.  Moving  the  nozzle  throat  from  the  upstream  end 
of  the  blast -tube  to  the  downstream  end  minimized  the  oscillations.  Later, 
during  a  product  improvement  program,  oscillations  were  again  encountered  during 
sustain.  Several  mechanical  "fixes"  were  incorporated  to  eliminate  the  problem. 
These  "fixes"  were  all  aimed  at  damping  longitudinal  oscillations  and  minimizing 
the  possibility  of  ejecting  material  from  the  motor. 

2.3.10  Reduced  Smoke  Air  Launched  Motor 

Roys  and  Kruse2^  described  the  results  of  testing  an  advanced  air-to-ground 
missile  motor  with  reduced  smoke  HTPB  propellant.  The  grain  was  a  5-bladed 
forward  finocyl  with  a  cone  at  the  aft  end.  Eleven  of  these  *t-in.  diameter 
motors  were  fired  to  test  variations  in  propellant  composition  and  conditioning 
temperature.  The  formulations  all  had  nearly  the  same  burn  rate.  The  motors 
were  pulsed  twice  In  each  run,  once  early  in  the  run  and  once  late  in  the  run. 
All  motors  were  stable  to  the  first  pulse.  The  second  pulse  generated  500  Hz 
oscillations  in  six  motors.  The  pressure  traces  during  the  instability  had  a 
lot  of  harmonic  content  but  there  was  no  mention  of  mean  pressure  shifts.  The 
variation  in  stability  mbs  attributed,  in  part  at  least,  to  variation  in  the 
erosion  of  the  nozzle  due  to  variation  in  content  of  ZrC.  Authors  felt  the 
results  are  in  general  agreement  with  linear  stability  theory  for  velocity 
coupling. 
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2.4  SUMMARY 

In  summary  velocity  coupling  refers  to  the  relation  between  propellant  burn  rate 
and  the  gas  velocity  in  a  motor.  There  are  two  analytical  models  for  velocity 
coupling,  linear  and  nonlinear.  The  linear  model  is  used  quantitatively 
to  describe  velocity  coupling  and  the  nonlinear  model  is  used  to  explain 
some  aspects  of  motor  behavior.  Neither  model  appears  to  satisfactorily 
describe  velocity  coupling,  and  motor  stability  predictions  using  the  linear 
model  have  not  proved  to  be  accurate.  Evidence  for  the  existence  of  velocity 
coupling  is  seen  in  the  behavior  of  research  burners.  Long  slender  research 
motors  exhibit  pulsed  axial  mode  instability  as  do  many  development  motors. 

It  is  not  always  clear  how  this  form  of  instability  is  related  to  velocity 
coupling. 
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3.0  EXPERIMENTAL  STUDIES 


The  primary  objective  of  the  cold  flow  experiments  is  to  determine  the  effect  of 
velocity  oscillations  on  the  flow  properties  in  a  simulated  rocket  motor  cavity. 
The  derived  data  will  provide  direct  evidence  of  the  dominant  velocity-coupling 
mechanisms  for  use  in  conjunction  with  the  analytical  studies.  Thus,  the 
experiments  need  to  be  conducted  concurrently  with  the  analytical  studies.  Com¬ 
parisons  between  the  analytical  results  and  the  experimental  data  will  be  made 
to  guide  the  analyses  and  to  determine  additional  critical  experiments  for 
defining  mechanisms. 

3.1  APPARATUS  DESCRIPTION 

To  conduct  these  experiments,  the  apparatus  shown  schematically  in  figure  1  has 
been  fabricated.  Nitrogen  flowing  through  porous  cylindrical  bronze  tubes 
simulates  the  oombustion  process  at  the  propellant  surface  (this  technique  has 
been  used  successfully  in  previous  studies  at  CSD  on  the  effects  of  both 
steady-state3°i31  an<i  oscillatory  characteristics^2  on  the  internal  ballistics). 

A  flow  distribution  tube  is  used  to  equalize  the  flow  to  the  4-in.  internal 
diameter  porous  tubing  from  the  N2  supply  system.  Sonic  flow  is  achieved  either 
through  this  distribution  tube  or  by  orifices  in  the  manifold  to  each  section. 
Figure  2  and  3  show  the  construction  of  each  section. 

Each  section  is  equipped  with  two  ports  for  heat  flux  gages  (as  shown  in  figure 
3)  or  for  hot  wire  anemometers.  Pressure  taps  are  also  located  at  these  axial 
stations  on  the  "grain"  surface  and  one  tap  is  located  between  the  porous  tubing 
and  the  flow  distribution  tubing.  These  taps  lead  to  a  scant valve/pressure 
transducer  multiplexing  system  for  recording  the  mean  pressure  distribution 
throughout  the  apparatus.  Kistler  tranducers  are  mounted  at  both  the  head-end 
and  aft-end  of  the  apparatus.  The  hot  wire  anemometers  and  the  hot  film  flux 
gages  are  connected  to  TSI  Model  1050  signal  conditioners.  By  operating  in  the 
constant  current  mode,  frequencies  up  to  10  kHz  can  be  recorded  faithfully. 

The  simulator  is  equipped  with  a  rotating  valve  at  the  aft-end  to  generate  acous¬ 
tic  velocity  oscillations.  The  frequency  is  controlled  by  varying  the 
rotational  speed  of  the  electric  motor  driving  the  valve.  Figure  4  shows  an 
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exploded  view  of  the  aft-end  hardware.  The  AN  fitting  leads  to  the  rotating 
valve.  The  cavity  for  collecting  the  flow  to  the  rotating  valve  is  also 
equipped  with  a  Kistler  pressure  transducer. 

Considerable  attention  has  been  given  to  generating  a  realistic  flow  environ¬ 
ment.  By  sectioning  the  apparatus,  the  length-to-diameter  ratio  can  be  varied 
from  2  to  23;  however,  it  is  expected  that  primary  interest  will  be  between  9.5 
and  23.  This  range  encompasses  the  transition  in  velocity  profile  predicted  by 
Beddini.32  Table  I  shows  the  range  of  surface  Mach  numbers  which  can  be 
investigated . 

3.2  EXPERIMENTAL  RESULTS 

Experiments  to  date  have  concentrated  on  demonstrating  the  proper  operation  of 
the  apparatus.  The  primary  concern  in  this  regard  is  the  uniformity  of  the  flow 
from  each  section.  This  effort  has  been  concluded  successfully  as  evidenced  by 
the  mean  pressure  distribution  and  the  pressure  drop  measured  across  each 
segment.  Table  II  shows  these  data.  Note  the  pressure  drop  across  the  porous 
tubing  is  nearly  constant  for  each  segment.  Note  also  the  consistent  drop  in 
mean  port  pressure  with  increasing  length.  Since  the  flow  to  each  section  is 
constant,  these  data  verify  the  near  uniformity  of  the  surface  Mach  numbers. 

One  measurement  of  oscillatory  heat  fluxes  mbs  also  made,  figure  5.  The 
rotating  valve  generated  a  dimensionless  acoustic  pressure  of  5.7  x  10"1*  at  70 
Hz,  the  fundamental  acoustic  mode  of  this  particular  configuration.  Heat  flux 


TABLE  I.  RANGE  OF  SURFACE  MACH  NUMBERS 


L/D 

9.5 

16.6 

23.7 

1.3 

0.0017 

0.001 

0.0007 

dt  1.9 

0.0035 

0.002 

0.0014 

2.27 

0.007 

0.004 

0.0028 
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oscillations  were  measured  at  three  axial  locations  using  a  gage  overheat  tem¬ 
perature  of  250°C.  Note  that  the  maximum  oscillation  was  observed  at  the  L/D 
of  5.34  and  that  there  is  significant  amplitude  at  the  second  harmonic.  At  an 
L/D  =  14.8,  no  organized  oscillations  were  observed.  No  interpretation  of  these 
data  can  be  made  until  velocity  and  turbulence  profile  measurements  have  been 
made. 


TABLE  II.  MEAN  PRESSURES  IN  APPARATUS  (HEAD-END  PRESSURE  =  40  PSIA) 


Section 

Number 

Pressure  Between 

Flow  Distribution 
and  Porous  Tubes,  psia 

Port  Pressure  Along  Porous 

Tubing  (Fraction  of  Section  Length),  psia 

1/4 

1/2 

3/4 

1 

41.0 

38.6 

38.6 

38.7 

2 

41.0 

38.6 

38.6 

38.5 

3 

41.0 

38.5 

38.6 

38.5 

4 

40.8 

38.5 

38.6 

38.6 

5 

40  7 

38.4 

38.4 

38.5 

6 

Tube  blocked 

38.3 

38.2 

38.3 

7 

40.4 

38.1 

38.1 

38.0 

8 

40.6 

38.1 

37.9 

38.O 

1 


17 


REFERENCES 


1.  Rosen,  B. ,  "Solid  Rocket  Combustion  Stability  Volume  1.  Experimental 
Research,"  AFRPL-LS-70-3.  Compiled  by  Lockheed-California  Co.,  Air  Force 
Rocket  Propulsion  Laboratory,  Edwards,  California,  June  1970. 

2.  Price,  E.  W. ,  "Review  of  Combustion  Instability  in  Solid  Propellant 
Rockets,"  Bulletin  of  the  17th  JANNAF-ARPA-NASA  Solid  Propellant  Group, 

Vol.  1,  165-191,  May  1961. 

3.  Chemical  Propulsion  Information  Agency,  "Combustion  Instability  and  Its 
Suppression  in  Rocket  Motors,"  A  Bibliography,  CPIA  Publication  No.  LS79- 
3,  January  1979. 

4.  Beckstead,  M.  W.,  Horton,  M.  D.,  Krashin,  M.,  Butcher,  A.  G.,  "Velocity  Cou¬ 
pling  Combustion  Instability,"  final  report,  AFRPL-TR-73-73,  Hercules 
Incorporated,  Magna,  Utah,  September  1973. 

5.  Micheli,  P.  L.,  "Investigation  of  Velocity  Coupled  Combustion  Instability," 
final  report,  AFRPL-TR-76-1000 ,  Aerojet  Solid  Propulsion  Company, 

Sacramento,  California,  1976.  (Distribution  limited). 

6.  Beckstead,  M.  W.,  "Workshop  Report:  Velocity  Coupling,"  17th  JANNAF 
Combustion  Meeting,  CPIA  Publication  No.  329,  Vol.  1,  195-200,  November 
1980. 

7.  Lovine,  R.  L.,  Dudley,  D.  P.,  Waugh,  R.  C.,  "Standardized  Stability  Predic¬ 
tion  Method  for  Solid  Rocket  Motors,"  AFRPL-TR-76-32  in  3  Volumes,  Air  Force 
Rocket  Propulsion  Laboratory,  Edwards  AFB,  California,  May  1976. 
(Distribution  limited). 

8.  Dehority,  G.  L.,  E.  W.  Price,  "Axial  Mode,  Intermediate  Frequency 
Combustion  Instability  in  Solid  Propellant  Rocket,"  NWC  TP  5654,  Naval 
Weapons  Center,  China  Lake,  California,  October  1974. 

9.  Glick,  R.  L.,  M.  M.  Micci,  L.  H.  Caveny,  "Transition  to  Nonlinear 
Instability  in  Solid  Propellant  Rocket  Motors,"  AIAA  Paper  81-1520, 
AIAA/SAE/ASME  17th  Joint  Propulsion  Conference,  Colorado  Springs,  Colorado, 
July  1981. 

10.  Brown,  R.  S.,  R.  C.  Waugh,  P.  G.  Willoughby,  "IUS  Combustion  Stability 
Studies,"  17th  JANNAF  Combustion  Meeting,  CPIA  Publication  No.  329,  Volume 
3,  297-325,  November  1980. 

11.  Glick,  R.  L.,  T.  J.  Kirschner,  Jr.,  "Combustion  Stability  of  Low  L/D  Space 
Motors,"  AIAA  Paper  81-1558,  AIAA/SAE/ASME  17th  Joint  Propulsion 
Conference,  Colorado  Springs,  Colorado,  July  1981. 

12.  Maslen,  S.  H.,  Moore,  F.  K.,  "On  Strong  Transverse  WAves  Without  Shocks  in 
a  Circular  Cylinder,"  J.  Aero  Science,  Vol.  23,  1956. 


19 


13.  Stepp,  E.  E.f  "Effect  of  Pressure  and  Velocity  Coupling  on  Low-Frequency 
Instability,"  AIAA  Journal,  Vol.  5,  No.  5,  945-948,  May  1967. 

14.  Lyon,  J.  M.,  J.  E.  Crump,  "Use  of  a  Helmholtz  Burner  for  Low  Frequency 
Velocity  Coupled  Instability  Measurements,”  17th  JANNAF  Combustion  Meeting, 
CPIA  Publication  No.  329,  Vol.  I,  201-220,  November  1980. 

15.  McDaniel,  L.  W.,  and  R.  L.  Lovine,  "Velocity  Coupled  Combustion  Response 
Measurements  of  an  HTPB-RS  Propellant,"  17th  JANNAF  Combustion  Meeting, 

CPIA  Publication  No.  329,  Vol.  3,  187-196,  November  1980. 

16.  Brown,  R.  S.,  R.  C.  Waugh,  V.  L.  Kelly,  "Rotating  Valve  for  Velocity- 
Coupled  Combustion  Response  Measurements  of  Solid  Propellants,"  AIAA  Pub¬ 
lications  No.  81-1522,  AIAA/SAE/ASME  17th  Joint  Propulsion  Conference, 
Colorado  Springs,  Colorado,  July  1981. 

17.  Micci,  M.  M. ,  L.  H.  Caveny,  W.  S.  Sirignano,  "Linear  Analysis  of  Forced  Lon¬ 
gitudinal  Waves  in  Rocket  Motor  Chambers,"  AIAA  Journal,  Vol.  19,  No.  2, 
198-204,  February  1981. 

18.  Micci,  M.  M. ,  L.  H.  Caveny,  R.  L.  Glick,  "On  Transition  to  Nonlinear 
Instability  in  Solid  Propellant  Rocket  Motors,"  AIAA  Publication  No.  81- 
1520,  AIAA/SAE/ASME  17th  Joint  Propulsion  Conference,  Colorado  Springs, 
Colorado,  July  1981. 

19.  Brownlee,  W.  G.,  "Nonlinear  Axial  Combustion  Instability  in  Solid  Propel¬ 
lant  Motors,”  AIAA  Journal,  Vo2.  2,  No.  2,  February  1964. 

20.  Roberts,  A.  K.,  Brownlee,  W.  G. ,  "Nonlinear  Longitudinal  Combustion  Stabil¬ 
ity:  Influence  of  Propellant  Composition,"  AIAA  Journal,  Vol.  9,  No.  1, 
January  1971. 

21.  Capener,  E.  L.,  Dickinson,  L.  A.,  Kier,  R.  J. ,  "Driving  Processes  of 
Finite-Amplitude  Axial  Mode  Instability  in  Solid-Propellant  Rockets,"  AIAA 
Journal,  Vol.  5,  No.  5,  May  1967. 

22.  Price,  E.  W. ,  H.  B.  Mathes,  B.  A.  Sword,  and  H.  J.  Sprouse,  "Axial  Mode 
Combustion  Instability  in  Solid  Propellant  Rocket  Motors,"  NOTS  TP  3700, 

U.S.  Naval  Ordnance  Test  Station,  China  Lake,  California,  December  1964. 

23.  Hughes,  P.  M.,  Smith,  D.  L. ,  "Non  Linear  Combustion  Instability  in  Solid  Pro¬ 
pellant  Rocket  Motors  -  Influence  of  Geometry  and  Propellant  Formulation," 
Solid  Rocket  Motor  Technology,  AGARD-CP-259 ,  July  1979. 

24.  Demuth,  0.  J.,  et  al.,  "Smokeless  Composite  Propellants,"  AFRPL-TR-74-26, 
Aerojet  Solid  Propulsion  Company,  Sacramento,  California,  1974. 

25.  Kruse,  R.  B. ,  Glick,  R.  L.,  Cohen,  N.  S. ,  "Velocity  Coupled  Instability  in 
Prototype  RS  MK  36  Motors,"  16th  JANNAF  Combustion  Meeting,  CPIA  Publica¬ 
tion  No.  308,  Vol.  559-574,  December  1979.  (Distribution  limited). 


20 


REFERENCES  (Cont’d) 


26. 


Kruse,  R.  B.,  and  C.  T.  Bryant,  "Development  of  a  Reduced  Smoke  Mark  36 
Motor,"  1980  JANNAF  Propulsion  Meeting,  CPIA  Publication  No.  315,  Vol.  1 
^95-51 1,  March  1980.  (Distribution  limited). 


» 


27.  Thompson,  R.  H.,  "Development  Program  Reports  on  Solid  Rocket  Combustion 
Instability,"  1st  ICRPG  Combustion  Instability  Conference,  CPIA  Publication 
No.  68,  Vol.  2,  15-24,  January  1965. 

28.  Newman,  R.  S.,  "Recent  Experience  with  Unstable  Burning  at  Aerojet 
General,"  1st  ICRPG  Combustion  Instability  Conference,  CPIA  Publication  No. 
68,  Vol.  2,  7-14,  January  1965. 


29.  Roys,  G.  P.,  and  R.  B.  Kruse,  "Nonlinear  Instability  in  a  Reduced  Smoke  Air 
Launched  Motor,"  16th  JANNAF  Combustion  Meeting,  CPIA  Publication  No.  308, 
Vol.  3,  575-593,  December  1979.  (Distribution  limited). 

30.  Dunlap,  R.,  P.  G.  Willoughby  and  R.  W.  Hermsen,  "Flowfield  in  the 
Combustion  Chamber  of  a  Solid  Propellant  Rocket  Motor,"  AIAA  Journal,  Vol. 
12,  No.  10,  1440-1442,  Oct.  1974. 

31.  Dunlap.  R.,  P.  G.  Willoughby  and  S.  W.  Young,  "Cold  Flow  Studies  Test 
Report,"  CSD  4901-79-135,  United  Technologies,  Chemical  Systems  Division, 
March  1980. 

32.  Brown,  R.  S.,  et  al.,  "Vortex  Shedding  Studies,"  AFRPL-TR-80-13,  Contract 
No.  F04701-77-C-0060,  United  Technologies,  Chemical  Systems  Division,  April 
1980. 


21 


